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Abstract  
D i l a tome t r i c  s t u d i e s  have been c a r r i e d  out  on c o a l  samples exposed t o  carbon 

dioxide a t  5 ,  10 and 15 atmospheres and helium sa tu ra t ed  with acetone vapor. Coals  
i n v e s t i g a t e d  i n c l u d e d  K C E R  7463 (65.8W).  KCER 7122 (7R.qaC) and KCER 7259 
(83.8ZC). Coal  s ample  d imens ions  i n c r e a s e d  on e x p o s u r e  t o  b o t h  t y p e s  o f  e n v i r o n -  
ment. Carbon d i o x i d e  induced s w e l l i n g  i n c r e a s e d  a s  t h e  p r e s s u r e  i n c r e a s e d .  The 
s w e l l i n g  magnitude increased a s  the  carbon content  decreased,  i n d i c a t i n g  t h a t  the 
macromolecular c r o s s l i n k  dens i ty  i n  c o a l  increases  with inc reas ing  carbon content. 
The time t o  reach equ i l ib r ium s w e l l i n g  was s h o r t e r  a t  higher COP pressures .  The 
s w e l l i n g  e f f e c t  produced hy acetone vapor was g e n e r a l l y  g r e a t e r  than t h a t  produced 
by co2 a t  15 a tmosphe res .  I t  
was e s t i m a t e d  t h a t  t h e  s w e l l i n g  e f f e c t  can a c c o u n t  f o r  20 t o  50q of t h e  s u r f a c e  
a rea  determined by C02 BET adso rp t ion  methods. 

I n  t h e  c a s e  o f  KCER 7259, t h e  e f f e c t  was r e v e r s e d .  

Introduct ion 
Studies  on t h e  adsorpt ion of o rgan ic  vapors by coa l  ( 1 )  and t h e  e f f e c t  o f  COP 

on coa l  s w e l l i n g  (2) have been c a r r i e d  out  r e c e n t l y  i n  o rde r  t o  c l a r i f y  t h e  r o l e  of  
a d s o r b a t e  induced s w e l l i n g  i n  i n f l u e n c i n g  c o a l  s u r f a c e  a r e a s  de t e rmined  bv gas  
adsorpt ion methods. BET s u r f a c e  a r e a s  determined by CO? adsorpt ion a r e  g e n e r a l l y  
higher than N2 sur face  a r e a s  (3-6). D i l a tome t r i c  s t u d i e s  on c o a l  samples exposed 
t o  c02  a t  1 a tmosphe re  showed t h a t  volume i n c r e a s e s  of  up t o  1.319. c o u l d  be 
observed (2). I t  was concluded t h a t  s w e l l i n g  of t h i s  tyoe could account fo r  up t o  
14.5% of t h e  co2 su r face  area.  

The d i l a t o m e t r i c  r e s u l t s  a t  1 atmosphere indicated.  however, t h a t  e q u i l  ibrium 
s w e l l i n g  had n o t  been r e a c h e d  a t  t h e s e  C02 p r e s s u r e s .  even  a t  e x p o s u r e  times i n  
excess of 240 hours. I n  t h e  present  i n v e s t i g a t i o n ,  t h e  d i l a t o m e t r i c  s t u d i e s  have 
been extended t o  h i g h e r  Co2 p r e s s u r e s  and s t u d i e s  h a v e  a l s o  been c a r r i e d  o u t  on 
c o a l s  exposed t o  acetone vapor. The o b j e c t i v e  has been t o  e v a l u a t e  t h e  e f f e c t  of 
gas pressure on the  s w e l l i n g  behavior  of t y p i c a l  c o a l s ,  ob ta in  a b e t t e r  e s t ima te  Of 
the equ i l ib r ium parameters and compare the  s w e l l i n g  e f f e c t  of C02 wi th  t h a t  of a 
t y p i c a l  organic  vapor whose s o l u b i l i t y  parameter (7) is c l o s e r  t o  t h a t  of c o a l  (1) .  

Experimental 
The d i l a tome te r  system and the experimental  procedures have been descr ibed i n  

previous publ icat ions.  (2 ,R)  The c o a l s  i n v e s t i g a t e d  included KCER 7259 (sample 1 ,  
83.8%C), K C E R  7122 ( s a m p l e  2 ,  78.39.C) and KCER 7463 ( s a m p l e  3, 65.97C). The c o a l  
samples have been descr ibed p rev ious ly  in  more d e t a i l  (2). Samples were exposed t o  
helium sa tura ted  with acetone vapor ‘ (a t  room temperature) i n  t h e  acetone exposure 
experiments. 

R e s u l t s  and Discussion 
The KCER 7759 

sample  was an  e x c e p t i o n ,  however ,  i n  t h a t  C02 produced t h e  g r e a t e r  s w e l l i n g  
response. The s w e l l i n g  response of the  c o a l s  t o  acetone vapor and C02 a t  s e v e r a l  
p r e s s u r e s  is  i l l u s t r a t e d  i n  F i g u r e s  1 t o  3. F i g u r e  4 compares  t h e  e f f e c t  of 
acetone on these  Coals. I n  gene ra l  t h e  order  of s w e l l i n g  was : KCER 7259 (sample 
1 )  < K C E R  7122 ( s a m p l e  2)  < K C E R  7463 ( s a m p l e  3) .  A t  c o n s t a n t  p r e s s u r e  t h e  
response increased i n  magnitude a s  t h e  carbon content  decreased, in agreement with 

Acetone g e n e r a l l y  produced a g r e a t e r  s w e l l i n g  e f f e c t  than C02. 
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previous  r e s u l t s  (2). The s o l u h i l i t y  parameter o f  acetone (6 = 9.6 cal0.5cm-l-5) 
is g e n e r a l l y  c l o s e r  t o  t h a t  o f  c o a l  (1)  than t h e  C02 v a l u e  ( a  = 6.2 ~ a l n * ~ c m ' ~ * ~ ) .  
Thus a grea te r  s w e l l i n g  e f f e c t  is expected with acetone. The r e s u l t s  on KCER 7259 
are, however, anomalous and not  expla ined  by these cons idera t ions .  Table  1 sum- 
marizes t h e  s w e l l i n g  response o f  t h e  c o a l  samples af ter  200 hours of exposure t o  
acetone vapor. 

Table 1 Comparison of Swelling Rsponse o f  Coals a f t e r  200 h r s .  o f  
exposure t o  Acetone vapor 

Dimension Change 
--I 

Sample % C  Specimen 1 Specimen 2 
microns microns 

------ - - - - ~ - - - - - _ _ ~ -  
1 83. e 1 1 . 4  11.5 
2 78.3 219.4 192.3 
3 65.8 256.7 209.2 

. . . . . . . . . . . . . . . . . . . . . . . . .  
cop induced s w e l l i n g  was i n v e s t i g a t e d  by exposing t h e  c o a l  samples t o  C02 a t  

p r e s s u r e s  o f  5 ,  1 0  a n d  1 5  a tmospheres .  The r e s u l t s  showed a dependence  on t h e  
c a r b o n  c o n t e n t  and p r e s s u r e .  The  r e s u l t s  a r e  shown i n  F i g u r e s  1 t o  3. The 
r e s p o n s e  i n c r e a s e d  w i t h  i n c r e a s e  i n  CO2 p r e s s u r e  b u t  t h e  u l t i m a t e  r e s p o n s e  Was 
s t i l l  g e n e r a l l y  lower than t h e  v a l u e s  obtained from s w e l l i n g  due t o  Acetone. T h i s  
may b e  s e e n  i n  two o f  t h e  t h r e e  s a m p l e s .  The r e s p o n s e  due  t o  t h e  h i g h e s t  p r e s s u r e  
of co2  was g r e a t e r  t h a n  t h a t  o b t a i n e d  w i t h  Acetone v a p o r  i n  t h e  c a s e  o f  Sample 1. 
T h i s  r e s u l t  may p o s s i b l y  be due  t o  co2 m o l e c u l e s  c r e a t i n g  new p o r e s  a s  t h e  c o a l  
Swells or the  higher pressure  o f  the  gas  may be modifying the c r o s s l i n k  s t r u c t u r e  
i n  t h e  c o a l .  A more d e t a i l e d  d i s c u s s i o n  o f  t h e  Co2-induced S w e l l i n g  r e s u l t s  i s  
presented elsewhere (9). 

I t  is o f  i n t e r e s t  t o  e s t i m a t e  t h e  e f f e c t  t h a t  t h i s  measured s w e l l i n g  (volume 
increase)  may have  on t y p i c a l  s u r f a c e  a r e a  v a l u e s  t h a t  have  been repor ted  fo r  c o a l s  
Of t h e s e  carbon c o n t e n t s .  To f a c i l i t a t e  t h i s  a s s e s s m e n t  i t  can  be assumed 
i n i t i a l l y  t h a t  a l l  the adsorbed molecules which a r e  contained i n  t h e  'monolayer' 
a r e  c o n t r i b u t i n g  volume t o  a s w o l l e n  a d s o r b e n t - a d s o r b a t e  system. S u r f a c e  a r e a  
v a l u e s  r e p o r t e d  i n  t h e  l i t e r a t u r e  f o r  c o a l s  o f  t h e  same c a r b o n  c o n t e n t  were 
employed. (5). The es t imated  s w e l l i n g  volume i n c r e a s e s  obtained i n  t h i s  way a r e  
compared with t h e  measured volume i n c r e a s e s  in  T a b l e s  2-4. 

The r e s u l t s  i n  T a b l e  7 i n d i c a t e  t h a t  t h e  measured s w e l l i n g  may account for 
13.R t o  242 o f  t h e  r e p o r t e d  s u r f a c e  area values.  A t  h igher  pressures  the  Swel l ing  
e f f e c t  may account f o r  higher f r a c t i o n s  o f  the  repor ted  s u r f a c e  a rea  v a l u e s  (Tables  
3 and  4). I t  s h o u l d  b e  n o t e d ,  however ,  t h a t  a d s o r p t i o n  e x p e r i m e n t s  t o  d e t e r m i n e  
s u r f a c e  a rea  a r e  u s u a l l y  c a r r i e d  out a t  low pressures  w i t h  an 'equilibrium' time of 
a p p r o x i m a t e l y  30 m i n u t e s  whereas  t h e  s w e l l i n g  volumes  were measured a f t e r  more 
prolonged contac t  times. The estimated cont r ibu t ions  o f  s w e l l i n g  t o  s u r f a c e  area 
a t  h igh  pressures  a r e  thus  more uncertain.  There 13 a l s o  some uncer ta in ty  because 
t h e  s u r f a c e  a r e a s  r e p o r t e d  i n  t h e  l i t e r a t u r e  may n o t  e x a c t l y  r e p r e s e n t  t h e  c o a l  
Samples employed i n  t h e  present study. I n  addi t ion ,  because t h e r e  is an inherent  
pore s t r u c t u r e  i n  Coal,  pore f i l l i n g  undoubtedly accounts for a l a r g e  f r a c t i o n  o f  
t h e  adsorption and n o t  a l l  adsorba te  c o n t r i b u t e s  t o  swel l ing .  The r e s u l t s  indl-  
c a t e ,  however,  t h a t  i n  low c a r b o n  c o n t e n t  c o a l s ,  t h e  s w e l l i n g  of c o a l  b y  COT may 
account f o r  a s i g n i f i c a n t  f r a c t i o n  of t h e  measured RET s u r f a c e  area. 
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Table 2 Estimated cont r ibu t ion  of swel l ing  t o  CO2 s u r f a c e  a rea  
( p r e s s u r e  = 5 atm). 

Estimatedb Measureda 
swel l ing  

CO2 
s u r f a c e  a rea  swel l ing  

Sample 5 C (m2g-l) vo1 ( X )  V O l  ( $ 1  

1 83.8 150 5.4 0.75(13.8) 
2 78.3 150 5. 1.2U22.9) 
3 65.9 250 9.0 2.16(24.0) 

E Expressed a s  a percentage of es t imated  swel l ing  i n  p a r e n t h e s i s  

'monolayer' a r e  c o n t r i b u t i n g  volume t o  a swollen adsorbent - adsorba te  system. 
Estimated assuming t h a t  a l l  the  adsorbed molecules which are contained in  t h e  

Table 3 Estimated c o n t r i b u t i o n  Of  Swelling t o  C02 sur face  a rea  
( p r e s s u r e  = 10 atm) 

Estimatedb Measureda 
swel l  i n g  

CO2 
s u r f a c e  a rea  swel l ing  

Sample % C ( m2g-l) V O l  ($1 V O l  ( I )  

1 03.9 150 5.4 0.85( 15.6 1 
2 78.3 150 5.4 2.23( 41.3) 
3 65.8 250 9.0 3.00( 33.2) 

---- 
a Expressed a s  a percentage of estimated swel l ing  in p a r e n t h e s i s  

Estimated assuming t h a t  a l l  the  adsorbed molecules which a r e  contained i n  t h e  
'monolayer' a r e  c o n t r i b u t i n g  volume t o  a swollen adsorbent- adsorba te  system. 

'Table 4 Estimated cont r ibu t ion  of swel l inu  t o  C02 sur face  a r e a  
( p r e s s u r e  = 15 atm) 

Estimatedb Measureda 
swel l ing  

co2 
s u r f a c e  a rea  swel l ing  

Sample I C (m2g-l) V O l  ( I )  v o l  ( % I  

1 83.8 150 5.4 1.33(24.5) 
2 78.3 150 5.4 3.11 (57.6) 
3 65.8 250 9.0 4.18( 46.5) 

a Expressed a s  a percentage of estimated swel l ing  i n  p a r e n t h e s i s  

'monolayer' a r e  c o n t r i b u t i n g  volume t o  swollen adsorbent - adsorba te  system. 
Estimated assuming t h a t  a l l  the  adsorbed molecules which a r e  contained in  t h e  
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The higher s u r f a c e  a r e a s  measured hy carbon d ioxide  adsorp t ion  can a l s o  r e s u l t  
from carbon d ioxide  d i s s o l v i n g  i n  the  c o a l ,  dur ing  t h e  s w e l l i n g  process ,  and reach- 
ing  i n n e r  p o r e s  which are  i n a c c e s s i b l e  t o  n i t r o g e n .  By t h i s  p r o c e s s ,  t h e  carbon 
d i o x i d e  h a s  s o l u t i o n  pa thways  t h r o u g h  t h e  c o a l  t o  t h e  i n n e r  p o r e s  t h a t  n i t r o g e n  
c a n n o t  reach. 

Summary and Conclusions 

S l g n i f i c a n t  s w e l l i n g  o r  volume i n c r e a s e s  r a n g i n g  from 0.75 t o  4.1Pp were 
o b s e r v e d  i n  a r a n g e  o f  c o a l  s a m p l e s  when t h e y  were exposed  t o  c a r b o n  d i o x i d e  a t  
p r e s s u r e s  up t o  1 5  a tmospheres .  I n c r e a s e  i n  p r e s s u r e  p r o d u c e d  an  i n c r e a s e  i n  
s w e l l i n g  response and a decrease i n  t h e  time requi red  t o  reach  maximum response. A 
lower  carbon c o n t e n t  c o r r e l a t e s  wi th  a h i g h e r  d e g r e e  of  s w e l l i n g .  The o r d e r  of  
s w e l l i n g  was sample  1 (%C = 83.8) < s a m p l e  2 ($C = 78.3) < s a m p l e  3 ( % C  - 65.8). 

S l g n i f i c a n t  s w e l l i n g  response was observed when t h e  samples were exposed t o  
Acetone vapor .  The v a l u e s  o f  t h e  f i n a l  s w e l l i n g  r e s p o n s e  were h i g h e r  t h a n  t h e  
equi l ibr ium response obtained by co2 s w e l l i n g  a t  15 atm f o r  samples 3 and 3. This 
is  probably due t o  t h e  f a c t  t h a t  t h e  s o l u b i l i t y  parameter of t h e  c o a l s  is c l o s e r  to 
t h a t  of t h e  ace tone  vapor. The order  of s w e l l i n g  was sample 1 < sample 2 < sample 
3. A lower carbon conten t  corresponded t o  a higher degree of swel l ing .  Samule 1 
showed anomalous  b e h a v i o r .  The e x p o s u r e  t o  h i g h e r  p r e s s u r e s  of C 0 2  produced a 
higher s w e l l i n g  response i n  comparison t o  the Acetone swel l ing .  This could not  be 
c o n c l u s i v e l y  expla ined  and f u r t h e r  s t u d i e s  a r e  r e q u i r e d  t o  understand the  behavior. 

CO induced  s w e l l i n g  may a c c o u n t  f o r  up t o  50% of t h e  r e p o r t e d  C02 S u r f a c e  
a r e a  va?ies i n  l i g n i t e  and subbituminous coals .  In  bituminous c o a l s ,  s w e l l i n g  may 
account for about 20% of t h e  s u r f a c e  a r e a  va lues .  Thus, p r e v i o u s l y  repor ted  s u r f a c e  
a rea  v a l u e s  of these  c o a l s  determined by co2 adsorp t ion  may be overestimated by TO 
t o  501, depending on t h e  coa l .  
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Fig. 1. Swelling response of KCER7259 samples on exposure to 

2 '  acetone vapor and varying pressures of CO 
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Fig. 2.  Swelling response of KCER 7122  samples on exposure to 
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